Abstract. Highly sustainable composites were produced by melt compounding polylactide (PLA) with almond shell flour (ASF), a processed byproduct of the food industry, at a weight content of 30 wt.-%. However, due to the lack of miscibility between PLA and ASF, both being raw materials obtained from crops, resultant green composite presented poor ductility and low thermal stability.
Introduction
Poly(lactic acid), or more correctly, polylactide (PLA), is a bio-based and biodegradable linear aliphatic polyester. Lactic acid, i.e., 2-hydroxypropionic acid, comprises its basic building block, which is in turn derived from the fermentation of starch sources (e.g., corn, potato, sugarcane, tapioca, etc.). To attain high molecular weights (M w ), PLA is habitually prepared by ring-opening polymerization (ROP) of lactide, i.e., the six-membered cyclic diester of lactic acid, using tin octanoate as catalyst (Garlotta, 2001) . PLA is nowadays considered the front runner in the emerging bioplastics market, showing an annual consumption of 140,000 tons (Madhavan Nampoothiri et al., 2010 ). This biopolyester is particularly interesting for short-term applications (e.g., food packaging) due to its two-fold environmental advantage of being obtained from renewable resources, i.e. biobased, and biodegradable, though durable applications can be also possible (Nagarajan et al., 2016) .
Physical properties of PLA are fairly similar to those of petrochemical-based polymers with high strength and low toughness such as polystyrene (PS) and poly(ethylene terephthalate) (PET) (Auras et al., 2010) . Most common uses include disposable and compostable glasses for cold drinks, food trays and rigid containers, teabags, lids, disposable plates, cutlery, etc. (Lim et al., 2008) . By using natural fillers (e.g., cellulosic materials) as reinforcement for PLA matrices, fully bio-based and biodegrable composites can be manufactured (Johari et al., 2016; Oksman et al., 2003; Plackett et al., 2003; Yusoff et al., 2016) . These constitute the so-called "green composites", which represent an emerging area in materials science and sustainable chemistry (La Mantia and Morreale, 2011) .
Almond (Prunus amygdalus L.) is a very important crop throughout the world's temperate regions
with an annual production of 2.31 million tons from a land area of 1.7 million hectare (Pirayesh et al., 2013) . The almond tree fruit, the drupe, is considered to comprise of four parts, namely, the almond flesh, the almond flesh brown skin, the almond green shell cover (hull), and the almond shell (Esfahlan et al., 2010) . The latter constitutes the thick endocarp of the almond fruit that is composed, on a dry basis, of approximately 38 wt.-% of hemicellulose, 31 wt.-% cellulose (Kürschner), 28 wt.-% of lignin (Klason), and 3 wt.-% of other components (Caballero et al., 1997; Martínez et al., 1995) . After harvesting, these woody shells are separated to obtain the edible seeds, which are widely employed in the food industry, remaining available as a solid residue for which no relevant industrial use has been developed to date (Esfahlan et al., 2010) . Some novel applications of almond shells are being continuously proposed, such as heavy metal adsorbents, dye absorbents, growing media, activated carbon preparation, and additives for the preparation of xylooligosaccharides (XOs) (Deniz, 2013; Doulati Ardejani et al., 2008; Ebringerová et al., 2007; Esfahlan et al., 2010; Urrestarazu et al., 2005) . However, currently almond shells are mainly incinerated (Chiou et al., 2016) or used as animal feed (Ledbetter, 2008) . Additionally, it is worth to note that the processing byproducts, i.e., hulls and shells, account for more than 50% by dry weight of the almond fruit (Fadel, 1999) . Consequently, it is estimated that around 0.8-1.7 million tons of this agro-waste are annually generated (Pirayesh and Khazaeian, 2012) . As a result, these highly lignified materials are potential candidates to be applied as renewable fillers to reinforce polymer and biopolymer matrices. For this application, the shells are required to be ground and dried to obtain a more easy-to-handle product in a powder form, i.e. the almond shell flour (ASF).
Previous studies on green composites based on ASF are not very extensive and these are limited to the use of urea-formaldehyde (UF) resin (Gürü et al., 2006; Pirayesh et al., 2013; Pirayesh and Khazaeian, 2012) , epoxy resin (Chaudhary et al., 2013) , polypropylene (PP) (Essabir et al., 2013b; Hosseinihashemi et al., 2016; Lashgari, 2013) , polyvinyl chloride (PVC) (Crespo et al., 2007a; Crespo et al., 2007b) , and poly(ε-caprolactone) (PCL) (Valdés et al., 2016; Valdés García et al., 2014) . In relation to thermoplastic materials, these previous studies have shown that the incorporation of ASF can bring important advantages such as mechanical reinforcement, reduce environmental impact, and lower costs. Besides intrinsic properties of each component, the mechanical and thermomechanical properties of the resultant green composites are dependent on filler aspect ratio, filler content and orientation, and on adhesion at the filler-matrix interface (Nagarajan et al., 2013) . The latter, i.e., the interfacial filler-matrix adhesion, is crucial since it is responsible for promoting a good stress transfer from the continuous phase to the dispersed fillers that must carry the load. Nevertheless, the high inherent hydrophilicity of cellulosic fillers does not habitually offer good adhesion with the hydrophobic or low hydrophilic polymers used as the composite matrix (Torres-Giner et al., 2017) . Poor filler wetting causes a non-uniform distribution of fillers in the matrix, consequently aggregation and void formation is commonly observed during melt processing. Many different approaches, reported in multiple reviews (Bledzki and Gassan, 1999; Bledzki et al., 1996; La Mantia and Morreale, 2011; Wei and McDonald, 2016) , have explored different strategies to improve adhesion in cellulose-reinforced polymer materials. These methods mainly include surface modification of the cellulosic filler prior to composite manufacture via chemical (e.g., esterification, etherification, treatment with silanes or isocyanates) or physical means (e.g., plasma, corona treatments, and radiation) as well as modification of the polymer matrix. Among them, the exposure to ultraviolet (UV) radiation has been recently demonstrated to be very effective on the activation of the cellulosic filler surface in order to improve the physical properties of the resultant polymer composites (Torres-Giner et al., 2016b ).
An alternative approach to improve filler-matrix adhesion and filler dispersion in polymer composites is the use of a compatibilizer, playing the role of an adhesion promoter (Sengupta et al., 2013) . In this sense, reactive extrusion (REX) is a well-known and cost-effective methodology to introduce a variety of functional groups into biopolymer chains (Miladinov and Hanna, 2000; Raquez et al., 2006) . Based on this concept, REX has been recently proposed as novel route for grafting inorganic nanoparticles onto biopolymer matrices, resulting in sustainable polymer nanocomposites with enhanced physical performance (Torres-Giner et al., 2016a) . This is due to biopolyester chains are characterized by hydroxyl and carboxylic acid terminal groups, which can establish chemical interactions during melt processing. This process mainly involves the chemical attachment of the fillers to the biopolymer chains by the action of reactive molecules with, on average, two or more functionalities (f), i.e., molecules with at least two functional sites. These bior multi-functional additives actually act as interfacial agents and improve adhesion between filler and the polymer continuous phase by the creation of covalent bonds.
Maleinized linseed oil (MLO) is a natural crosslinker that is industrially prepared from linseed oil, which is extracted from the seeds of flaxseed (Linum usitatissimum L.), a plant widely cultivated in Europe. Linseed oil contains approximately 8-12% saturated (mainly 4-7% palmitic acid and 4-5% stearic acid) and 85-92% unsaturated fatty acids (mainly 50-55% linolenic acid, 20-25% oleic acid, and 12-15% linoleic acid) (Bayrak et al., 2010) . This unsaturated fatty acid content results in one of the highest unsaturation levels amongst common vegetable oils, comparable only to tung oil, thus leading to a highly versatile additive, ripe for chemical functionalization. In particular, the maleinization process provides multiple anhydride functionalities to the MLO structure, which could easily react thereafter with hydroxyl groups (Ford et al., 2011; Ford et al., 2012) . Moreover, MLO offers an important advantage in comprison to other maleinized oils since it is commercially available at a competitive price due to its alternative uses as biolubricant. Additionally, small amounts of MLO can also act as a sustainable plasticizer for PLA-based materials, allowing chain motion and improving their processing conditions, thermal stability, and ductility (Ferri et al., 2017) . Moreover, the use of vegetable oils (VOs) is of great interest from an environmental point of view as these lend themselves to obtaining fully bio-based and compostable formulations (GarciaGarcia et al., 2016) . Based on recent research findings (Ferri et al., 2016) , the present study reports the compatibilization by MLO of cellulosic ASF with PLA biopolymer. The influence of different contents of MLO on the thermal, mechanical, and morphological properties of these novel green composites is evaluated and related to its compatibilizing effect.
Materials and methods

Materials
The PLA used was Ingeo™ Biopolymer 3251D, supplied by NatureWorks (Minnetonka, Minnesota, USA). According to the manufacturer, this is an injection molding-grade resin made primarily from dextrose that is derived from field corn grown for industrial and functional end-uses. 
Preparation of almond shell flour
The as-received almond shells were ground in a Retsch GmbH (Düsseldorf, Germany) SK 100
Cross Beater mill at a rotating speed of 10,000 rpm. Resultant particles were then sieved using a Cisa ® Sieve Shaker model RP09 (Barcelona, Spain) to obtain a flour with a homogenous particle size distribution with a top-cut of 150 µm. Figure 1 shows the almond shells and the obtained ASF in powder form. Subsequently, ASF was UV irradiated in a Honle UV Technology (Barcelona, Spain) UVASPOT 1000RF2 cabinet for 4 min, based on previous research (Torres-Giner et al., 2016b), using a high pressure mercury lamp with a power of 1,000 W at a wavelength at 350 nm.
Prior to processing and to remove any residual moisture, the biopolymer pellets and ASF were stored at 60ºC for 36 h in an Industrial Marsé (Barcelona, Spain) dehumidifying dryer MD. The final water content of ASF was kept at 1-2%.
Reactive extrusion
A constant weight percentage of 30 wt.-% of ASF in PLA was selected to evaluate the influence of MLO on the measured physical properties. This composite composition was chosen based on previous reported results observed for other PLA green composites . The MLO range composition was subsequently varied in the range of 0-10 parts per hundred resin (phr) since previous studies with other VOs indicated saturation with contents below 10 phr . Table 1 summarizes the set of the prepared green composite formulations.
Extrusion was performed on a twin-screw co-rotating extruder ZSK-18 MEGAlab from Coperion (Stuttgart, Germany). The screws feature 18 mm diameter with a length (L) to diameter (D) ratio,
i.e., L/D, of 48. The materials dosage was set to achieve a residence time of about 1 min, measured by a blue masterbatch and based on a previously described configuration (Torres-Giner et al., 2016a) . To this end, ASF was fed into a ZS-B 18 twin-screw side feeder from K-Tron (Pitman, New Jersey, USA) while MLO was added through a loss-in-weight (LIW) liquid feeder FDDW-MD2-DKMP-6 from Brabender Technologie GmbH (Duisburg, Germany). The screw speed was fixed at 300 rpm and the temperature profile, from the hopper to die, was set as follows: 170-180-180-180-190-190-190°C . The extruded material was cooled in a water bath at 15°C and pelletized using an air-knife unit.
Injection molding
Green composite pellets were shaped into pieces by injection molding in a Meteor 270/75 from Mateu & Solé (Barcelona, Spain) prior to characterization. The profile temperature, from the feeding zone to the injection nozzle, was set as follows: 170-175-180-185ºC. A clamping force of 75 tons was applied. The cavity filling and cooling time were set at 1 and 10 s, respectively.
Standard samples with a thickness of 4 mm were obtained.
Scanning Electron Microscopy
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The morphology of the ASF particles and fracture surfaces of the green composite pieces after the impact tests were characterized using scanning electron microscope (SEM). An Oxford Instruments
Zeiss Ultra 55 (Abingdon, UK) was used and an acceleration voltage of 2 kV was applied. Samples surfaces were coated with a gold-palladium alloy in a Quorum Technologies Ltd EMITECH model SC7620 sputter coater (East Sussex, UK) prior to analysis. ASF sizes were determined using Image J Launcher v 1. 41 and the data presented were based on measurements from a minimum of 50 SEM micrographs.
Infrared Spectroscopy
Chemical analysis was performed via attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy. Spectra were recorded using a Bruker S.A. Vector 22 (Madrid, Spain) coupled to a PIKE MIRacle™ single reflection diamond ATR accessory (Madison, Wisconsin, USA). Data were collected as the average of ten scans between 4000 and 400 cm −1 at a spectral resolution of 4 cm −1 .
Mechanical tests
Injection-molded specimens with a dumbbell shape, a total length of 150 mm, and a cross-section of 10 x 4 mm 2 were tested in a universal test machine ELIB 30 from S.A.E. Ibertest (Madrid, Spain). 868. All specimens were tested in a controlled chamber at room conditions, i.e. 23°C and 50 % RH.
Six samples for each material were analyzed and averaged.
Thermal analysis
Thermal transitions of PLA and its green composites were evaluated by differential scanning calorimetry (DSC) using an 821 DSC model from Mettler-Toledo, Inc. (Schwerzenbach, Switzerland). For this, ca. 5 mg samples were placed in 40 µl hermetic aluminum sealed pans, previously calibrated with an indium standard. The analysis was performed in a dry reducing atmosphere in which nitrogen flowed at a constant rate of 66 mL/min. Samples were subjected to a two-step regime based on an initial heating step from 30 to 200°C followed by a cooling step down to 0°C at a heating rate of 10 °C/min. The cold crystallization temperature (T cc ), melting temperature (T m ), enthalpy of melting (ΔH m ), and cold crystallization (ΔH cc ) were obtained from the heating scan while the crystallization temperature from the melt (T c ) and enthalpy of crystallization (ΔH c ) were determined from the cooling scan. The percentage of crystallinity (X c ) in the samples was determined using the following equation:
where ΔH m 0 = 93.7 J/g is the theoretical enthalpy corresponding to the melting of a 100%
crystalline PLA sample (Torres-Giner et al., 2011) , while the term 1-w represents the PLA weight fraction in the composite.
Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the materials using a TGA/SDTA 851 thermobalance from Mettler Toledo, Inc. too. The heating program was set from 30 to 650ºC at a heating rate of 20 ºC/min in nitrogen with a constant flow-rate of 66 mL/min.
Approximately 10 mg of each sample was used for the measurements. The onset degradation temperature was defined as the temperature at 5% weight loss (T 5% ) and the maximum rate degradation temperature (T deg ) was obtained from the maximum value of the first derivative.
Thermomechanical tests
Vicat softening point and heat deflection temperature (HDT) of the injection-molded pieces were both measured using a DEFLEX 687-A2 standard Vicat/HDT station from Metrotec S.A. (San Sebastián, Spain). Vicat softening point was determined following the UNE-EN 727 and ISO 306, in accordance with the B50 method. The protocol involved the placement of specimens in the testing apparatus so that the penetrating needle rested on its surface at least 1 mm from the edge. A load of 50 N was applied to the sample. This was then lowered into an oil bath in which the temperature was raised at a rate of 50 °C/h until the needle penetrated 1 mm. HDT measurements were carried out according to UNE-EN ISO 75-Method A and ASTM D648, heating the medium (oil) at a rate of of 120 °C/h. A specimen of 80 x 10 x 4 mm 3 was loaded in three-point bending mode in the edgewise direction with a distance of 60 cm. The outer stress used for testing was 1.8
MPa and the temperature was increased at 120 °C/h until the sample deflected 0.31 mm.
Dimensional stability was studied by determining the coefficient of linear thermal expansion (CLTE) using a thermomechanical analyzer (TMA) Q400 model from TA Instruments (New Castle, Delaware, USA). The heating program was set between 0 and 140ºC with a constant heating rate of 2 ºC/min and a load of 0.02 N. The test was performed on injection-molded rectangular samples with dimensions of 40 x 10 x 4 mm 3 .
Results
Filler morphology
One of the most important adhesion mechanisms in polymer composites is mechanical interlocking, which is influenced by the filler shape. Figure 2a shows the morphology of the ASF powder observed by SEM. In this image a rough perimeter can be seen, which can be a consequence of the crushing process due to the high hardness of this type of filler. A closer observation of the filler surface reveals the presence of some voids and granular features. This unusual porous-like structure on the surface of almond shell contributes to its high degree of roughness. A similar morphology was previously reported for PVC-based composites (Crespo et al., 2007a; Crespo et al., 2007b) , which was hypothesized to play a significant role in the adhesion with the polymer. The particle size histogram for AHF, determined from the SEM images, is shown in Figure 2b . The predominant particle size was approximately 75 µm. Habitually this is another relevant parameter in the mechanical properties of green composites. Previous studies also reported that mechanical impairment was much more pronounced in systems compromising large almond shell particles, in particular for those particle sizes greater than 150 µm (Crespo et al., 2007a; Crespo et al., 2007b ).
This effect is related to the arrangement of the fillers within the polymer matrix, which undoubtedly becomes more heterogeneous. Figure 3a shows the FTIR spectra of the ASF powder, MLO liquid, neat PLA, the unmodified PLA/ASF composite, and the PLA/ASF composite containing 2.5 phr MLO.
Chemical properties
The main bands of interest within each sample are described as follows. For ASF, the strongest absorption peak ~1032 cm -1 is ascribed to the C-O and C-OH stretching vibrations of polysaccharide rings in cellulose (Liu et al., 2009 ). There is evidence of a broad absorption band between 3600 and 3000 cm -1 , which corresponds to the characteristic O-H stretching vibrations of hydrogen bonded of hydroxyl groups (-OH) (Spinacé et al., 2009) . Considering that the ASF particles were dried and exposed to UV radiation, these peaks should be mostly derived from -OH on the pyranose rings of cellulose (Lin and Dufresne, 2013) Principal absorption bands for MLO are observed at ~3008 cm -1 , which has been identified as the =C-H stretching of the carbon-carbon double bonds, and at ~2924 cm -1 and ~2853 cm -1 as the antisymmetric and symmetric C-H stretching of the saturated carbon-carbon (C-C) bonds, respectively (Gomez et al., 2011) . Other main bands can be observed at ~1742 cm -1 and 1708 cm -1 , being associated to the C=O stretching of the carbonyl functionalities from the ester and maleic anhydride groups respectively, at 1161 cm -1 for the C-O-C, C-O and C-C stretching to the ester functionalities, and at 719 cm -1 to the C-H out of the plane stretching of the saturated C-C bonds (Gomez et al., 2011) . The band centered at ~1458 cm -1 is ascribed to C-H bending while peaks related to the anhydride groups are seen as shoulders on the ester carbonyl at ~1810 and 1777 cm -1 .
One of the strongest peak of neat PLA spectrum appears at 1751 cm -1 and is assigned to C=O stretching of the biopolymer (Paragkumar et al., 2006) . . This can be related to the C=O stretching group of hydrolyzed anhydride groups of MLO in the green composite (Wu and Su, 1991) . There is another weak increased absorption band in the range 1780-1850 cm -1 that can be ascribed to the symmetric stretching and asymmetric stretching of C═O of remaining cyclic maleic anhydride (MAH) groups (John et al., 1997; Zhu et al., 2012) . The presence of new weak peaks in the region 3600-3300 cm -1
can be further attributed to O-H stretch of the newly formed free carboxylic acid and may also indicate the presence of sorbed water in the green composite due to the presence of ASF. This is in 13 agreement with Eren et al. (Eren et al., 2003) who observed a new carbonyl band of the carboxylic acid at 1709 cm -1 and a broad carboxylic O-H centered at 3286 cm -1 during the polyesterification reaction of diols with maleinized soybean oil (MSO). Additionally, the formation of two new bands at ~1560 and 1518 cm -1 , which are most likely to be derived from the antisymmetric stretches of delocalized deprotonated carboxylic acid end groups, can be produced as a result of interaction with sorbed water (Cabaniss et al., 1998) . The symmetric stretch of these newly formed functional groups, expected to appear close to 1350 cm -1 , are not explicitly visible to permit verification of this hypothesis due to the proximity of C-H band associated with PLA. Nevertheless, it is clear that the incorporation of MLO into the green composite perturbed the band shape at the peak ~1360 cm -1 and formation of these delocalized carboxyl groups would readily explain this phenomenon.
These FTIR results suggest that new esters and carboxylic acids were produced after MLO addition to the green composites. The expected chemical reaction of MLO with PLA biopolymer and the cellulose component of ASF is given in Figure 4 . This scheme proposes that carboxylic ester linkages are formed upon elevated temperature during melt processing. The MLO structure provides multiple chemical reaction sites, by the presence of a various number of MAH groups, giving therefore reliable bond strength for hydroxyl groups of both the PLA end chains (and partially hydrolyzed PLA chains) and ASF surface. As a result of the esterification reaction, a cellulose-grafted PLA (cellulose-g-PLA) structure was generated.
Mechanical properties of green composites
Figure 5 summarizes the mechanical properties of the neat PLA and its green composites with varying the MLO content. Unreinforced PLA displayed a tensile modulus and strength of 1960 and 63 MPa, respectively (Figure 5a and 5b) . In addition, Shore D hardness was ~79.6 (Figure 5e ).
These values indicate that PLA is intrinsically an elastic and rigid material. Nevertheless, PLA is also brittle, showing a low elongation-at-break value of 5.3% and poor energy absorption with an impact-strength value of 15.7 kJ/m 2 (Figures 5c and 5d ). Filling PLA with 30 wt.-% ASF led to a considerable decrease in mechanical properties, particularly for those related to material cohesion such as tensile strength, elongation at break, and impact strength. In particular, tensile modulus and strength were reduced to 1520 and 18 MPa, respectively (Figures 5a and 5b) . Elongation at break was also reduced to 2.5% and impact strength to 7 kJ/m 2 (Figures 5c and 5d) , which represents an overall percentage reduction of approximately 55% in the mechanical ductility with regard to unfilled PLA. As a positive effect, the filler addition contributed to a slight increase in Shore D hardness to a value of 84.7, i.e., about 7% (Figure 5e ). Similar mechanical results have been observed recently for other PLA-based green composites in which impact absorbed energy was reduced by about 40% and Shore D hardness increased 9% by the presence of 30 wt.-% of hazelnut shell flour (HSF) . Here, the reported results clearly confirm the lack of compatibility between the PLA matrix and ASF.
As an efficient plasticizer, MLO remarkably improved the ductility of the green composites.
Elongation-at-break values gradually increased up to 9.8%, for the green composites containing 5 phr MLO, i.e. an increase of about 292% and 84% in relation to the uncompatibilized green composite and to the neat PLA, respectively (Figure 5c ). This is due to the strong plasticization effect provided by MLO on the PLA matrix, where the molecules place among the biopolymer chains acting as a lubricant with an enhanced influence on chain mobility (Chieng et al., 2014) .
Additionally, MLO could move into the free volume of the green composite, improving its impactabsorbed energy. As a result, incorporation of 5 phr MLO increased the impact-strength value up to 12.1 kJ/m 2 (Figure 5d ), which represents a percentage increase of about 73% with regard to unmodified green composite. In relation to the Shore D hardness, green composites with MLO contents of 2.5 and 5 phr presented similar values than the unmodified composite, i.e. 84.4 and 83.9, respectively, which can be regarded as a positive effect too (Figure 5e ). However, for the green composites with the highest MLO contents, i.e. 7.5 and 10 phr, it was observed an overall decrease in the mechanical properties. This indicates that saturation occurred from 7.5 phr MLO, resulting in a phase separation in the green composites (Ferri et al., 2016) .
Both the increase in elongation at break and impact strength indicate that the addition of MLO led to more ductile green composites, which can be explained by the previously described plasticization effect. However, interestingly, the addition of MLO in the range of 1-5 phr MLO also resulted in a noticeable increase in the tensile strength of the green composites. For instance, incorporation of 2.5 phr MLO showed a tensile strength value of 40.1 MPa (Figure 5b) , which represents an increase of 118% in comparison to the uncompatibilized green composite. For contents over 7.5 phr MLO, a clear decrease in both mechanical strength and ductility was observed. This negative effect can be related to the above-described phase separation of the VO in the green composite due to an excess of concentration. This suggests that an optimal and balanced performance from a mechanical perspective is achieved for MLO contents close to 5 phr. Here, the reported improvement of both mechanical strength and ductility gives some evidences that, in addition to plasticization, a degree of grafting occurred. This supports the previously described infrared data of the MLO-treated green composites in which ester bonds are potentially formed between the multiple MAH groups present in MLO with the hydroxyl groups of both PLA and ASF. This successfully induced an effective stress transfer from the biopolymer to the reinforcing fillers. Table 2 shows a summary of the main thermal parameters obtained from DSC and TGA for PLA and its green composites treated with different amounts of MLO. As it can be seen in the table, PLA was characterized by a T g of ~67ºC, a T m of 172ºC, and a X c of ~15%. In addition, the biopolymer showed cold crystallization phenomenon with a T cc of approximately 111ºC. After ASF incorporation, the value of T m was reduced to 168.5ºC and crystallinity also decreased to ~9%.
Thermal properties of green composites
These results indicate that the presence of ASF can potentially disrupt the folding process of PLA chains, which avoids the formation of more perfect crystals and supports the findings from the infrared data. Although Hosseinihashemi et al. (Hosseinihashemi et al., 2016) have recently reported that almond shell particles are capable of acting as a nucleating agent that is able to increase T c of the resultant polymer composites, ASF could also interfere with the growing stage by which the overall crystallinity level of the composite decreased.
For the MLO-treated green composites, the addition of MLO increased X c and also, interestingly, induced a significant reduction in T cc . It is important to remark that only the addition of 1 phr MLO led to a significant decrease in T cc of approximately 12ºC and a value of X c of ~23%. The presence of MLO in the green composites improved the compatibilization and subsequently the dispersion of ASF in the PLA matrix, which contributes to fewer polymer-polymer interactions and favors the formation of PLA crystals (Chieng et al., 2014) . In addition, as described previously, MLO can readily react with hydroxyl groups in both PLA end chains and the cellulosic surface of ASF, leading to a combined effect of grafting and chain extension. Alternatively, as expected, T g decreased as a function of the MLO content. This is related to an overall increase in the PLA chain mobility. It can be considered that MLO, due to its low M w as well as good chemical affinity with the biopolymer, facilitates the reduction of secondary forces (e.g. hydrogen bonding, van der Waals forces, etc.) among the PLA chains by occupying intermolecular spaces and increasing the free volume.
As also included in Table 2 , the evaluation of thermal stability of the unmodified green composite showed a downward shift in T deg from 339.3ºC, for the neat PLA, to 308.6ºC, for the untreated PLA/ASF composite. The unmodified green composite also began to degrade at a lower temperature, of around 5ºC, i.e. a T 5% of approximately 290ºC. Therefore, a significant decrease in the thermal stability of PLA was clearly noticeable after the incorporation of ASF. This fact is related to the relatively low thermal stability of the lignocellulosic filler, which initiated degradation at 221.2ºC and, one assumes, negatively contributed to the reduction of the global thermal stability of the green composite. In the present study, the observed impairment is in agreement with previous studies concerning the thermal stability of polymer composites based on almond shell (Essabir et al., 2013b; Hosseinihashemi et al., 2016; Valdés García et al., 2014) . It was specifically reported that the degradation of these natural fillers initially occurs in the range 250-350ºC, which is assigned to the thermal decomposition of cellulose and lignin (Hosseinihashemi et al., 2016) .
Interestingly, the addition of MLO exerted a positive effect on the overall thermal stability of the green composites. Specifically, the onset degradation temperature, corresponding to 5% weight loss, increased to values in the range of 305-300ºC for the green composites compatibilized by MLO. Thermal degradation was also significantly improved in comparison to the unmodified green composite. In particular, T deg was delayed up to about 20ºC for the green composites treated with MLO. This remarkable increase in the thermal stability can be directly related to the chemical interaction achieved by MLO due to the covalent bonds established between the lignocellulosic fillers and the biopolymer matrix. In addition, MLO could also provide a physical barrier that obstructs the removal of volatile products produced during decomposition. A similar positive effect on the thermal stability was recently reported for PLA and epoxidized palm oil (EPO) blends (Chieng et al., 2014; Silverajah et al., 2012) . Indeed, Chieng et al. (Chieng et al., 2014 ) observed a remarkable increase of 40°C in the onset degradation of PLA by incorporating 5 wt.-% EPO. Table 3 shows the values of Vicat softening temperature, HDT, and CLTE, which are representative parameters for the thermomechanical properties of the green composites. With regard to the Vicat softening temperature, the value of unfilled PLA was 56.2ºC and this increased to 73.4ºC after the addition of 30 wt.-% ASF. This is in agreement with previous studies conducted on PLA/HSF composites . Interestingly, the incorporation of MLO also showed a considerable increase in the softening point, reaching a maximum value of 87.3ºC. This represents an increase of about 55% in relation to the unfilled PLA, further supporting the chemical interaction of ASF with the biopolymer. It is also worthy to indicate that the highest value was observed for the green composites containing 1 phr MLO, which further confirms that higher MLO amounts plasticize the PLA matrix and therefore reduce the service temperature of the green composites. A similar trend was also observed for HDT, in which the highest value was attained for the green composites containing 2.5 phr MLO. In particular, HDT increased from 53.1 and 61.6 ºC for the neat PLA and unmodified green composite, respectively, up to 63.6 ºC.
Thermomechanical properties of green composites
The effect of compatibilization of MLO on the green composites was additionally determined by TMA. . With regard to the evolution of the CLTE values in the compatibilized green composites, these increased with increasing the MLO content and ranged from about 63 to 81 µm/mºC. This can be explained by the plasticization effect provided by MLO, which facilitates the PLA chains mobility and increases free volume. The evolution of the CLTE values over T g followed a similar tendency, showing a significant increase from 116.4 µm/mºC, for the unmodified green composite, up to 152.6 µm/mºC for the green composite containing 10 phr MLO. Plasticization was then more pronounced at higher temperatures, which is in agreement with previously studies looking at PLA-based green composites plasticized by epoxidized linseed oil (ELO) . All green composites showed higher dimensional stability than the neat PLA. This can be considered as a positive finding, facilitating the technical applications of PLA materials at elevated temperatures. Figure 6 shows the SEM images of the fracture surfaces of PLA and its green composites after the impact tests. Figure 6a , which corresponds to the uncompatibilized PLA/ASF composite, clearly illustrates the typical brittle fracture of the biopolymer showing a rough fracture surface due to nonexistent or very low plastic deformation. In addition, the lack of interaction between ASF and PLA was clearly detectable by the presence of several voids, which correspond to the detached particles after impact. Interestingly, some of the voids also showed the marks of the AHF surface.
Morphology of green composites
This supports a recent finding in which it was indicated that particle debonding was the main failure mechanism of cellulosic fillers in biopolymer matrices (Torres-Giner et al., 2017) . This occurs due to the lack of adhesion or cohesion at the particle-matrix interface of the green composite. This morphological observation correlates satisfactorily with the above-described physical performance of the unmodified green composites in which the presence of ASF did not contribute to an improvement of the mechanical and thermal properties but it rather decreased them.
The positive effect of MLO addition on the morphology of the green composite can be seen in
Figures 6b to 6f. Although it is possible to still detect some voids in the PLA matrix after the addition of 1 phr MLO (Figure 6b) , the presence of finely dispersed AHF particles into PLA indicates that MLO certainly improved compatibility. The addition of 2.5 phr (Figure 6c ) and 5 phr MLO (Figure 6d ) clearly led to an improvement of the particle-polymer continuity, which is subsequently responsible for reducing stress concentration phenomena and increasing load transfer between the biopolymer matrix and the lignocellulosic filler. One can also observe that as the MLO content increased, the filler-matrix gap was reduced. Figure 6e shows the good dispersion of the ASF particles within the PLA matrix containing 7.5 phr MLO. This image supports the hypothesis that the presence of MLO in the green composites improved ASF wettability. This can be confirmed by Figure 6f for the PLA/ASF composite containing 10 phr MLO in which the lignocellulosic fillers were completely covered by MLO. It can be also observed the absence of gaps with the surrounding PLA, which points towards improved interfacial affinity. However, certain phase separation was also detectable due to the MLO saturation, which is in turn considered to be responsible for impairing the performance of the green composites.
Conclusions
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The present study described the compatibilization of PLA and ASF by the addition of MLO during melt compounding. It was observed that the incorporation of high amounts of ASF into PLA resulted in green composites with increased hardness and potentially offers a remarkable cost reduction and improved waste valorization. However, it considerably reduced ductility and also thermal stability. Interestingly, addition of relatively low contents of MLO, i.e. 1-5 phr, successfully improved the mechanical, thermal, and thermomechanical properties of the green composites. The achieved compatibilization was ascribed to a dual effect of plasticization and grafting provided by MLO. As supported by FTIR analysis, new ester bonds were potentially formed during the extrusion process between the multiple MAH groups of MLO with the hydroxyl groups present on the ASF surface and PLA terminal chains. For PLA/ASF composites containing high MLO amounts, i.e. 7.5 and 10 phr, an overall decrease in the physical properties occurred probably due to plasticizer saturation.
The results obtained in this study indicate that ASF, derived as a byproduct from the food industry, can be used to reinforce PLA matrices when combined with low amounts of MLO due to its multifunctional reactivity. Moreover, the resultant MLO-containing green composites are highly sustainable because of their completely biodegradable and renewable characteristics. These can be applied as monolayers, in bio-based packaging materials, such as trays and lids, or even as replacements for wood boards or docks in building and construction applications.
In general terms, MLO and other multi-functionalized vegetable oils can be regarded as an attractive additive to enhance compatibility in immiscible or low miscible green composites based on biopolymers and fillers with polar groups. In addition, due to their natural origin, MLO represents an environmentally friendly solution to improve industrial formulations and can positively contribute to the development of sustainable polymer technologies. 
